Four-wave mixing (FWM) in nonlinear germanosilicate fibers with GeO 2 concentrations as high as 67 mol.% in the core is studied theoretically and experimentally. Large frequency shifts of 1875-3829 cm −1 are observed in the mixed-mode pump parametric process. The dependence of FWM phase matching on the GeO 2 concentration, core diameter, and index profile is demonstrated. The 2.5% conversion efficiency of an 887 nm signal to a 1.3 m communication band is obtained at a 2 W cw pump power inside the fiber. ©2005 Optical OCIS codes: 060.2280OCIS codes: 060. , 190.2620 Notable progress was achieved recently in the fabrication of germanosilicate fibers with very large GeO 2 concentrations. 1-3 Silica-based fibers with a GeO 2 content in the core up to 30 mol.% were fabricated by the vapor axial deposition and modified chemicalvapor deposition (MCVD) methods with losses of no more than 0.51 and 1.33 dB/ km, respectively, in the 1.55 m communication band.
Notable progress was achieved recently in the fabrication of germanosilicate fibers with very large GeO 2 concentrations. [1] [2] [3] Silica-based fibers with a GeO 2 content in the core up to 30 mol.% were fabricated by the vapor axial deposition and modified chemicalvapor deposition (MCVD) methods with losses of no more than 0.51 and 1.33 dB/ km, respectively, in the 1.55 m communication band.
1,2 Significant improvement in optical quality was demonstrated for MCVD fibers with a GeO 2 -based core and a silica cladding in which the GeO 2 concentration can be increased up to 100 mol.%. 3 Because of high nonlinearity, frequency conversion of optical signals through four-wave mixing (FWM) could be an important application of such fibers. 4 A problem with using high GeO 2 concentrations for FWM conversion in fibers is associated with a shift of the zero-dispersion wavelength of GeO 2 -based glass to wavelengths longer than 1550 nm. 5 As a result, in standard single-mode fibers with a GeO 2 -based core it is impossible to compensate the material dispersion with waveguide dispersion and to achieve phase matching in the 1.55 m band and at shorter wavelengths. On the other hand, the simplest way to achieve phase matching in GeO 2 -based-core fibers is to use modal dispersion for compensation. All earlier studies on FWM in multimode fibers were restricted to fibers with low GeO 2 content in the core. [6] [7] [8] [9] In this work we study FWM for the most interesting case of large frequency shifts in heavily Ge-doped few-mode fibers.
Fibers with different GeO 2 concentrations and different refractive-index profiles, from steplike to graded ones, were fabricated for the study (see Table  1 ). The refractive-index profiles are shown in Fig.  1(a) . Fibers with several diameters were drawn from every preform, which in accordance with our calculations were to yield parametric Stokes shifts of 2000-4000 cm −1 . The diameters differed by 5-10% from one another. The fluctuations of the fiber diameter along the fiber length did not exceed 0.2%. We used radiation at = 1.064 m of a Q-switched, modelocked Nd:YAG laser for pumping. The measurements of the FWM spectrum were made with an optical spectrum analyzer.
We succeeded in obtaining the large parametric Stokes shifts at core diameters presented in Table 1 . As a rule, FWM was observed for the pump, divided between lowest modes LP 01 and LP 11 . In this case, the anti-Stokes radiation was always in the LP 01 mode and the Stokes in the higher-order LP 11 mode.
In fibers with 29.7 and 55 mol.% GeO 2 , the Stokes shifts were observed at only one core diameter. In the most graded-index fiber with 29.3 mol.% GeO 2 in the core (cutoff frequency of V c = 3.53), three Stokes shifts were obtained (Table 1) . Parametric conversion in this fiber was obtained at minimum peak pump powers of about 200 W and fiber lengths of 50 m. At longer lengths, FWM was strongly suppressed by the Raman process. For other fibers, 1-2 kW peak powers and 2-10 m fiber lengths were used. We could observe only small Stokes-anti-Stokes shifts of 400-600 cm −1 caused by the Raman process in a 2 m long step-index fiber with 67 mol.% GeO 2 .
We conducted experiments with pump and signal radiations injected into the fibers. We used a cw Nd:YAG 1064 nm laser as a pump source and a tunable 840-950 nm cw Ti:sapphire laser as a signal source. In this experiment a fiber with 29.3 mol.% GeO 2 was used, which had shown the largest coherence lengths in the pulsed pump regime. Stokes shifts at cw pumping were observed when the Ti:sapphire laser wavelength was accurately tuned to the spectral region, ensuring the phase-matching conditions for the pump and the signal waves. We obtained 2.5% efficiency of wavelength conversion of cw 887 nm signal radiation to 1329 nm in a 50 m long fiber with a core diameter of 7.6 m when 60 mW of the signal and 2 W of the cw pump power at 1.064 m were at the fiber output.
It follows from the above experiments that a strong interrelation exists between a given parametric Stokes shift and such fiber parameters as the GeO 2 concentration, the core index profile, and the core diameter. We made numerical evaluations of the influence of the refractive-index profile and GeO 2 concentrations on the phase-matching condition. The calculation program was based on solving the scalar wave equation for the two lowest-order guided modes, which allowed us to calculate the frequency shifts for two-mode pumping and the refractive-index profiles used in the experiments. The numerical results are given in Figs. 1 and 3 . Figure 1(b) shows the dependence of the frequency shift on the core diameter for the fibers investigated. With increasing GeO 2 concentration, the frequency shift sharply increases to very large values. At concentrations of more than 30 mol.% we have a very strong dependence on the core diameter in the most interesting region of small diameters. The dependence of Stokes shifts on the GeO 2 concentration is not so sharp for graded-index profiles (fibers 1 and 3) in comparison with steplike index profiles (fibers 2 and 4). All the experimentally obtained Stokes shifts are close to the maximum of the curve for a given fiber. In step-index fiber 4, with the highest GeO 2 concentration of 67 mol.%, the Stokes shift dependence on the core diameter is too sharp and the maximum is not reached because the Stokes wavelength is limited by the LP 11 cutoff wavelength. Thus, the influence of diameter fluctuations on coherence lengths for this fiber is the strongest.
As can be seen from Fig. 1(b) , there is a region of fiber parameters where the frequency shift is maximal and its dependence on the core diameter is Table 1 and a pump wavelength at 1.064 m. The pump power is equally divided between the LP 01 and the LP 11 modes. Here a is the core radius, n c is the value of the core index at maximum, ␣ is the profile parameter, and n c − n = 0.04. The pump wavelength is 1.064 m.
weaker. The existence of such regions follows from the evaluation made by Stolen in an early paper. 7 In the case of a mixed-mode pump process (LP 01 -LP 11 modes), the phase-matching condition is ⌬k͑⌬v͒ + f͑⌬v͒ = 0, where ⌬k͑⌬v͒ is the phase mismatch due to material dispersion and f͑⌬v͒ is the phase mismatch due to modal dispersion. Function f͑⌬v͒ is given by
where V = ͑2a / ͒͑n c 2 − n 2 ͒ 1/2 is the normalized frequency; b 01 and b 11 are the normalized propagation constants of the fiber modes; a is the radius of the core; n c and n are the core and cladding refractive indices, respectively; is the pump wavelength; and ⌬v is the frequency shift. The frequency shifts in Figs. 1 and 3 were calculated in accordance with this perfect phase-matching condition. If phase matching depends on diameter fluctuations ␦a, the coherence length is equal to
where ␦k can be written as
The coherence length depends on fluctuations of the core diameter and on the difference between the dispersion of group delays for two modes. If phase matching occurs when this difference is equal to zero, the FWM will be, at least to first order, insensitive to diameter fluctuations. It can be easily shown that ␦k = 0 is equivalent to d͑⌬v͒ /da = 0 for the curves in Figs. 1 and 3 . Hence, the region of fiber parameters with the maximal Stokes shift has the longest coherence lengths. Figure 2 shows how a central dip, a depressed cladding, and an index profile grading influence the Stokes shift value. The central dip and the depressed cladding increase Stokes shifts. The core diameter for the maximal Stokes shift is smaller for index profiles with a depressed cladding. On the contrary, Stokes shifts decrease when approaching a paraboliclike profile. The greater the GeO 2 concentration in the core, the more graded the fiber profile should be for obtaining the same Stokes shift. This is illustrated in Fig. 3 , where a Stokes shift of 2017 cm −1 in the optimal maximal region was calculated for two GeO 2 concentrations of 25 and 45 mol.%. The ␣ parameters in this case should be 4.5 and 3.6, respectively, in the absence of a central dip and depressed cladding. The inset in Fig. 3 shows that the effective area for the mixed mode process in the optimal region of the maximal Stokes shift decreases with increasing GeO 2 concentration.
In conclusion, a mixed-mode pump parametric process with large Stokes shifts has been realized in fewmode fibers with a GeO 2 concentration in the core of up to 55 mol. % for the first time to our knowledge. Strong interdependence exists between the achievable frequency shift, the GeO 2 concentration, the core diameter, and the index profile shape. An optimal region of these parameters has been established in heavily doped fibers, in which a significant increase in the coherence length is possible.
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